I schemic stroke is a common cause of death and disability in developed countries. Thrombolytic therapy with recombinant tissue plasminogen activator was shown to be effective in a selected subgroup of acute ischemic stroke patients. 1 According to the European Cooperative Acute Stroke Study (ECASS), patients receiving thrombolytic therapy should not have extensive ischemic changes on the initial CT scan. 2 Although CT can detect vasogenic edema in infarcted brain tissue in some cases within hours of the onset of symptoms, 3 conventional MRI is more sensitive. 4, 5 However, since thrombolytic therapy must be given within a few hours of the onset of symptoms, the accuracy of both CT and conventional MRI in characterizing acute ischemic changes is not satisfactory.
Diffusion-weighted MRI (DWI) and perfusion-weighted MRI (PWI) are relatively new methods that can be utilized in acute stroke imaging. DWI is based on the measurement of the diffusion of free water, 6 which is decreased in ischemic brain tissue. 7, 8 DWI is very sensitive to infarcted brain tissue, which is seen as an area of high signal intensity compared with the signal from normal brain. This phenomenon can be investigated more quantitatively by studying the reduction in the apparent diffusion coefficient (ADC), 9 which has been detected in animals within minutes of the occlusion of the middle cerebral artery (MCA). 10 With PWI, hypoperfused tissue can be detected with the use of paramagnetic contrast agents, for example, gadolinium-based chelates. 11, 12 On the basis of MR perfusion imaging data, maps of relative cerebral blood flow (rCBF) can be calculated. 13, 14 Single-photon emission CT (SPECT) is a wellcharacterized method for measuring cerebral blood flow (CBF), and its general availability makes it a potential tool in assessing acute ischemic stroke. 15 However, SPECT does not provide morphological information, and it may be logistically difficult to combine it with CT or MRI. Since PWI can be combined with DWI in a single imaging session, it could represent an alternative to SPECT in imaging brain perfusion. Experiences in detecting intraparenchymal hemorrhage with susceptibility-weighted MRI at 1.5 T seem promising, 16, 17 which may support the potential role of MRI as the primary imaging tool in acute stroke.
The target of novel therapeutic approaches is the ischemic penumbra, where the hypoperfused brain tissue is functionally impaired but salvageable if perfusion is restored. 18 If the volume of hypoperfused tissue differs from the volume of tissue with decreased diffusion (perfusion-diffusion mismatch), this volume difference may be used as an estimate of the ischemic penumbra. The ischemic penumbra may also be estimated in terms of the absolute CBF relative to the ischemic limit. 19 The purpose of the present study was to evaluate the potential of combined DWI and PWI in acute (Ͻ24 hours) ischemic stroke to predict infarct growth and final infarct size. We studied this by comparing initial infarct volume with the volume of hypoperfused tissue and by correlating the size of this perfusion-diffusion mismatch to the subsequent change in infarct volume. In addition, our aim was to compare PWI with SPECT, which is a well-established method used to measure CBF.
Subjects and Methods
Forty-six consecutive patients (21 men, 25 women; mean age, 72 years; age range, 48 to 89 years) presenting with symptoms indicative of acute supratentorial ischemia were prospectively enrolled into the study. They were selected from a nonuniform patient population with a wide range of neurological symptoms admitted to the neurological emergency department of our university hospital. CT was performed on all patients to exclude hemorrhage and other nonischemic causes of the symptoms, which were exclusion criteria. Twenty-five patients had left-sided motor deficit and 21 had rightsided motor deficit, 10 of them with dysphasia or aphasia.
The first MRI was performed as soon as possible after the patient's admission to the hospital. The time delay from the CT examination to the first MRI was 3.0Ϯ2.6 (meanϮSD) hours. If the patient could not undergo the first MRI within 24 hours of the onset of symptoms or the time when he or she was last seen healthy, the patient was excluded from the study. The first MRI (nϭ46) was performed 9.9Ϯ5.4 hours, the second MRI (nϭ46) 30.7Ϯ6.7 hours, and the third MRI (nϭ42) 7.1 days Ϯ16 hours after the onset of symptoms. Patients with general contraindications to MRI (eg, cardiac pacemakers, claustrophobia) were excluded as well as patients who were too unstable for MRI. The second MRI was performed on day 2, and the third MRI was performed 1 week after the onset of symptoms. Twenty-three of 46 patients also underwent SPECT in the acute phase, 14 of them on day 1 and 9 of them on day 2 after the onset of symptoms.
No patient received experimental neuroprotective agents, but 1 patient received placebo as part of the ECASS II trial. 20 No patient was treated with thrombolysis. Two patients were treated with intravenous heparinoid as part of the Euro-TOAST (Trial of Org 10172 in Acute Stroke Treatment) study protocol. Five patients were treated with intravenous heparin for stroke progression, and 6 patients with cardioembolic stroke were treated with warfarin. Other patients were treated with aspirin with or without dipyridamole and received standard supportive therapy for acute ischemic stroke.
Informed consent was obtained from the patient or the patient's relative. The study design was approved by the ethics committee of our institution.
Evaluation of CT Findings
Ischemic CT findings were not an exclusion criterion. They were categorized as follows: (1) no acute ischemic findings, (2) subtle ischemic findings, and (3) definite ischemic findings. Detailed comparison of CT and MRI findings was not performed because of the time delay between CT and MRI.
MRI Protocol
Each MRI examination consisted of DWI, PWI, and conventional imaging. The total imaging time was approximately 20 minutes. All MRI examinations were performed with a 1.5-T echo-planar imaging (EPI)-capable whole body scanner (Magnetom Vision, Siemens Medical Systems) with the use of a head coil and standard restraints.
DWI was performed with an EPI spin-echo sequence (repetition time, 4000 milliseconds; echo time, 103 milliseconds). Nineteen axial slices tilted along the orbitomeatal line covering the whole supratentorial brain were imaged (slice thickness, 5 mm; interslice gap, 1.5 mm; field of view, 260 mm; matrix size, 96ϫ128 interpolated to 256ϫ256; acquisition time, 20 seconds). A T2-weighted reference image (b value, 0 s/mm 2 ) and 3 diffusion-weighted images with orthogonally applied diffusion gradients (b value, 1000 s/mm 2 ) were collected.
Perfusion imaging also used an EPI spin-echo sequence (repetition time, 1500 milliseconds; echo time, 78 milliseconds) and was targeted to the central area of ischemia. Seven axial slices (slice thickness, 5 mm; interslice gap, 1.5 mm; field of view, 260 mm; matrix size, 116ϫ256) were acquired. The positions and tilt of the slices were set to match the 7 slices on DWI that contained the largest diffusion defects. The 7 slices were imaged 40 times every 1.5 seconds, with a total imaging time of 1 minute. Before the injection of contrast medium, 4 sets of baseline images were collected. More baseline images resulted from the time delay between the intravenous injection of the contrast medium and its arrival to the cerebral arterial circulation. Gadopentetate dimeglumine (Magnevist, Schering AG; 0.2 mmol/kg body wt) was injected into the antecubital vein with an 18-gauge cannula. The injection was performed at a speed of 5 mL/s with an MR-compatible power injector (Spectris, Medrad). The bolus of contrast medium was followed by a 15-mL bolus of saline at the same injection rate. Because DWI and conventional imaging were performed before PWI, the intravenous line was kept open by flushing it with 0.25 mL of saline per minute.
SPECT Imaging Protocol
Technetium-99m ethyl cysteinate dimer was used as the tracer 21 and prepared according to the manufacturer's instructions (DuPont Pharma/Durham APS). A dose of 550 to 720 MBq, depending on the body weight of the patient, was injected into the antecubital vein before or after the MRI examination. The time delay between MRI and injection of the tracer was limited to 1 hour to achieve temporally comparable findings in PWI and SPECT. Within 60 minutes of the injection, the high-resolution SPECT acquisition was performed with a gamma camera equipped with fan-beam collimators (MultiSPECT 3, Siemens Medical Systems, Inc). A full 360°r otation was acquired (40 views per detector, each for 35 seconds) with 128ϫ128 pixels in resolution. Along the orbitomeatal line tilted contiguous transaxial and coronal slices (2 pixels in width; 6 mm) were reconstructed by filtered backprojection and corrected for attenuation. The imaging resolution was 8 to 9 mm. 22 
Postprocessing of the Imaging Data
To minimize the effects of diffusion anisotropy, trace images (trace of the diffusion tensor) were generated by calculating the average of the 3 diffusion-weighted images. 23, 24 ADC maps were calculated on a pixel-by-pixel basis. The calculation of ADC was based on the negative slope of the line fitting the 2 points for b versus ln(SI), where SI is signal intensity. Volumes of decreased diffusion were measured by drawing regions of interest (ROIs) around the lesions on the trace images and by multiplying the lesion area by the slice thickness. The tracings were shared between 2 interpreters (J.O.K. and Y.L.) blinded to the clinical data. ADC maps were reviewed to rule out the effects of T2 shine-through, which would have in some cases caused overestimation of infarcted tissue. The interslice gap was estimated to contain a lesion of the same size as the slice above it, and the lesion inside the gap was included in the volume calculation.
Perfusion raw images were transferred to a UNIX workstation (Sun SPARC Ultra) for calculation of rCBF maps. Tissue and arterial contrast agent levels were determined with the assumption of a linear relationship between transverse relaxivity (⌬R2) and intravascular concentration of Gd-DTPA. 11, 25, 26 The shape of the arterial input function was determined from a few pixels located at 1 branch of the MCA, showing large signal losses during the bolus passage. In each imaging pixel, the tissue concentration-time curve was deconvolved with the arterial input function to determine the tissue impulse response. CBF was subsequently determined as the height of the deconvolved tissue impulse response. 13, 14 The volume of decreased perfusion was determined visually by 1 interpreter (J.O.K.) by drawing a ROI around the pathological area slice by slice. A commercially available image analysis software package was used (Cheshire, Perceptive Systems, Inc). After the ROIs were multiplied by the slice thickness of 5 mm and the interslice gaps, they were summed to give the total volume of hypoperfused tissue in the 7 imaged slices. However, the lesion area in the lowermost lesion-containing slice was multiplied only by the slice thickness but not by the gap thickness. Because an acute hypoperfusion could not be distinguished from probable old perfusion defects, the interpreter was not blinded to the diffusion imaging findings but was blinded to the clinical data of the patients.
To test the interobserver variability in the measurements, 2 observers (J.O.K. and Y.L.) independently drew ROIs in 80 trace images and 70 rCBF maps of 10 randomly selected patients. To test intraobserver reproducibility, 1 of the observers performed the measurements twice in 5 randomly selected patients, with an interval of at least 6 months between measurements.
A semiautomatic brain quantification program (Siemens Medical Systems, Inc) was used to analyze the size of the perfusion defect on SPECT. The perfusion defect was defined as cortical regions with count rates Ͻ60% of the maximal cortical rate. The ROIs were manually drawn onto the consecutive slices by an experienced rater who was not aware of the PWI findings or the clinical status of the patient. However, the rater was aware of the DWI findings to be able to differentiate between acute and chronic perfusion defects on SPECT.
Volumetrics
The total infarct volume was measured from all DWI slices containing the lesion. Because of the limited number of slices in perfusion imaging, the true volume of hypoperfusion could not be entirely measured in 23 cases of larger infarctions. In those cases, the volumes of decreased diffusion were also calculated from the 7 slices corresponding to the slices in perfusion imaging.
The following volumes were measured: (1) total volume of tissue with decreased diffusion; (2) volume of hypoperfused tissue in rCBF maps in the 7 slices included in PWI; (3) volume of tissue with decreased diffusion limited to the 7 slices comparable to PWI of the same day; (4) volumes of decreased diffusion on day 2 and at 1 week from the same slice positions where PWI was performed on day 1 to compare the same tissue volume when infarct growth and final infarct size were considered; and (5) volumes of hypoperfused tissue on SPECT calculated from the same 7 slices corresponding to the area of PWI on the same day. The contiguous slices on SPECT were 6 mm thick, causing a slight inconsistency compared with seven 5-mm-thick PWI slices with 1.5-mm gaps.
The perfusion-diffusion mismatch was calculated by subtracting the DWI lesion volume from the hypoperfusion volume in rCBF maps. Infarct growth was defined as the increase in infarcted tissue volumes measured from the DWI slices matching the positions of the 7 slices on the initial PWI.
Assessment of the Neurological Status of the Patient
The mean National Institutes of Health Stroke Scale (NIHSS) 27 was measured by a neurologist (J.N., R.R., or J.S.) on day 1 and at 1 week. The initial mean NIHSS score was 12.4Ϯ8.1 (meanϮSD), ranging from 0 (no symptoms measured by the NIHSS) to 38.
Statistical Analysis
Since there was a significant deviation from normal distribution, nonparametric tests were used to test the significance of volume differences. The significance of changes in mean infarct volumes and the differences between infarct volumes and hypoperfusion volumes were tested with the Wilcoxon matched-pairs signed rank test. The Spearman correlation coefficient was used to calculate (1) correlation between hypoperfusion volumes in PWI maps and SPECT, (2) correlation between perfusion-diffusion mismatch and infarct growth, (3) correlation between initial hypoperfusion volume in PWI maps and infarct size at 1 week, and (4) interobserver variability and intraobserver reproducibility by 2 measurers for measured DWI and PWI for both lesion area (slice by slice) and lesion volume (patient by patient).
Furthermore, the patient population was divided into 2 groups according to the perfusion-diffusion mismatch: group 1, ratio of PWI lesion volume to DWI lesion volume Ͻ1.10; and group 2, ratio of PWI lesion volume to DWI lesion volume Ն1.10. After this dichotomization, the Mann-Whitney U test was used to test whether the change in the NIHSS score during the week differed significantly between groups 1 and 2. The Mann-Whitney U test was also used to test whether the anticoagulant treatment with warfarin or intravenous heparin was associated with infarct growth during the week. A P-value Ͻ0.05 was considered statistically significant. Statistical analysis was performed with a statistical software package (SPSS Win 7.5, SPSS Inc).
Results
On CT, 22 patients (48%) did not have ischemic findings, 10 patients (22%) had subtle ischemic findings, and 14 patients (30%) had definite ischemic findings. All patients had definite acute ischemic findings on DWI: 21 patients (46%) had their infarct in the left hemisphere and 25 patients (54%) in the right hemisphere.
Four of 46 patients did not undergo the third MRI (3 died, 1 refused). DWI was successfully completed in every MRI. Figure 1 .
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The volumes of hypoperfused tissue on PWI compared with the volume of infarcted tissue measured from the corresponding DWI slices are presented in Table 2 . On day 1, the infarcted tissue was not totally covered by 7 slices in 23 patients. The mean volume of infarcted tissue outside the 7 slices was 15.8 cm 3 . On day 1, the hypoperfusion volume on rCBF maps was significantly greater than the infarct volume on DWI (PϽ0.001). On day 2, the hypoperfusion volume was still greater than the infarct volume (Pϭ0.014). At 1 week, the hypoperfusion volume had decreased and was actually smaller than the infarct volume on DWI. This is probably due to reperfusion in the infarcted tissue, and in a few cases findings suggesting hyperperfusion were detected.
The perfusion-diffusion mismatch correlated statistically significantly with infarct growth between days 1 and 2 (rϭ0.586, PϽ0.001; nϭ38) and between day 1 and 1 week (rϭ0.699, PϽ0.001; nϭ34). A typical case in which the perfusion-diffusion mismatch detects tissue at risk, part of which eventually proceeds to infarction, is shown in Figure 1 . A case with absence of perfusion-diffusion mismatch on day 1 and no significant infarct growth is shown in Figure 2 . The hypoperfusion volume measured from rCBF maps on day 1 correlated statistically significantly with the final infarct size measured from DWI at 1 week after the onset of symptoms (rϭ0.827, PϽ0.001; nϭ34). Volume measurements on DWI were performed from slices corresponding to the 7 slices included on PWI. *Indicates significance of the size difference between hypoperfusion volume and lesion volume on DWI (Wilcoxon matchedpairs signed rank test). The hypoperfusion volume on SPECT in the acute phase (mean, 82.5Ϯ124.8 cm 3 ) correlated strongly with the hypoperfusion volume measured from rCBF maps (mean, 79.2Ϯ78.3 cm 3 ) on the same day (rϭ0.824, PϽ0.001; nϭ23). Note that these mean volumes result from the PWI of day 1 or 2, depending on the day when SPECT was performed. Figure 3 shows a comparison of PWI with SPECT.
Infarct growth during the week in patients receiving anticoagulant treatment did not differ significantly (Pϭ0.81) from infarct growth in patients not receiving anticoagulant treatment.
In interobserver variability analysis, the DWI lesion areas measured slice by slice correlated well between the 2 measurers (rϭ0.964, PϽ0.01; nϭ80 slices). The hypoperfusion areas measured from rCBF maps slice by slice also correlated well between 2 measurers (rϭ0.907, PϽ0.01; nϭ70 slices) (Figure 4 ). When lesion volumes were calculated patient by patient, the correlations between volumes measured by 2 measurers were also significant for DWI (rϭ0.976, PϽ0.01; nϭ10) and PWI (rϭ0.976, PϽ0.01; nϭ10).
In intraobserver reproducibility analysis, the correlation of 2 measurements slice by slice was significant for DWI (rϭ0.950, PϽ0.01; nϭ40 slices) and PWI (rϭ0.802, PϽ0.01; nϭ35 slices).
During the week, the mean NIHSS score changed from 12.4Ϯ8.1 to 9.3Ϯ9.6, when 3 patients had died. The NIHSS score change did not differ significantly (Pϭ0.52) between groups 1 (ratio of PWI to DWI Ͻ1.10; nϭ7) and 2 (ratio of PWI to DWI Ն1.10; nϭ28). Three patients who died were excluded from the analysis because death is not coded in the NIHSS. However, they all had perfusion-diffusion mismatch ratio Ͼ1.10. In group 2, the perfusion-diffusion mismatch was 59.2Ϯ49.1 cm 3 . In group 1, the perfusion-diffusion mismatch was -0.4Ϯ2.5 cm 3 .
Discussion
In previous studies, DWI has been shown to be an efficient method in the diagnosis of acute ischemic stroke. 9, 28, 29 Experimental animal work has shown that lesions with decreased diffusion can partly recover if perfusion is restored after 1 hour from occlusion of the MCA. 30 Although detection of the ischemic penumbra with DWI alone seems tempting, it
has not yet been possible. 31 In humans, only a few observations of reversibility of ischemic lesions with decreased diffusion have been made. [32] [33] [34] When one considers the speculations of rare reversibility of DWI findings in humans, it is obvious that DWI is at present the most accurate clinically available method to visualize infarcted brain tissue.
Because DWI at present cannot totally characterize the hemodynamics of the ischemic process, other groups have also used combined DWI and PWI to distinguish the ischemic Figure 3 . A 56-year-old man with left hemiparesis. Top, Three contiguous slices on SPECT, which detect hypoperfusion in the right hemisphere. Bottom, Corresponding slices on the rCBF maps, demonstrating the similarity of the findings on PWI and SPECT, which is a well-characterized method to measure brain perfusion. The MR perfusion study was performed 9.5 hours after the onset of symptoms. The findings on SPECT and PWI can be considered temporally well comparable, because the tracer injection for SPECT was given approximately 20 minutes before the MR perfusion study. We were able to perform DWI in all 46 patients and PWI in 38 of 46 patients (83%) in the acute phase of ischemic stroke. Patient movement or lack of cooperation was responsible for 5 of 8 failures of PWI. We conclude that DWI and PWI can be performed in the routine diagnosis of acute stroke.
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There was good agreement between volumes of decreased rCBF measured by SPECT and PWI. Lesions that were apparently small on SPECT were somewhat larger on PWI, probably because of the difference in resolution of these techniques ( Figure 5) .
We performed the third MRI after 1 week from the onset of stroke to establish the final size of the infarct. The initial hypoperfusion volumes in rCBF maps showed good correlation with the infarct size at 1 week ( Figure 6 ). CBF begins to change only when cerebral perfusion pressure falls below the range of normal autoregulation, ie, when hypoperfusion is severe. One would therefore expect decreased CBF to be clearly associated with a high risk of subsequent infarction. Figure 7 shows perfusion-diffusion mismatch versus lesion growth on DWI during the week. Note that hypoperfusion volume on the rCBF map is usually larger than the tissue that eventually proceeds to infarction ( Figure 6 ). Even though there is a decrease in CBF, neuronal function is maintained until CBF falls below a relatively fixed threshold (Ϸ20 mL/100 g per minute). Below this threshold, survival time is limited. We therefore speculate that future risk assessments based on the degree of rCBF deficit (relative to white matter flow rates, for example) and the duration of ischemia might possibly improve the predictive value of rCBF maps.
rCBF maps seem to be accurate prognostic markers in demonstrating tissue at risk. However, one should take into account the time from the onset of symptoms, since the brain tissue is able to survive decreased blood flow only for a relatively short time. In this study we used perfusiondiffusion mismatch as a tool to estimate the ischemic penumbra. Other hypotheses regarding how the ischemic penumbra could be estimated in a patient also exist, for example, by measuring absolute CBF. There are certain limitations in our study. The patients did not receive thrombolytic treatment, but we think that this makes our material fairly representative of the natural course of ischemic stroke during the first week after stroke onset. Anticoagulant treatment did not affect infarct growth. The data presented here are not confounded by reperfusion other than what may have occurred spontaneously. Spin-echo PWI, which is sensitive to microvascular perfusion, could be performed in only 7 slices to maintain the temporal resolution of 1.5 seconds between the measurements. We imaged a representative sample of the infarct to be covered with PWI by matching the middle PWI slice with the DWI slice containing the largest diffusion defect. This slice was in most cases located in the center of the infarct but, because the infarct can expand in any direction, the imaged areas in PWI are not strictly comparable.
There was a large variation in infarct size in this population, and patients were selected from a patient population with different neurological symptoms. Patient recruitment was partly simultaneous with the ECASS II trial, 20 and 1 patient received placebo before the first MRI. Otherwise, patients were not considered for thrombolysis because it is not an approved treatment for acute ischemic stroke at our hospital, and the majority of patients were admitted to the hospital Ͼ3 hours from the onset of symptoms. We believe that our patient population is representative and reflects the reality in most clinical institutions at present.
Our results show that the infarct enlarges between days 1 and 2, which is in agreement with the study of Baird et al. 36 This supports the view that there could be a place for the use of neuroprotective agents later than only a few hours from the onset of symptoms. Although neuroprotection has been beneficial in experimental stroke in animals, no neuroprotective agent has yet proved effective in humans. 40 The dynamic nature of the ischemic penumbra and different mechanisms of potential treatments have questioned the concept of a universal narrow time window. 41 Hypoperfusion on rCBF maps correlated well with hypoperfusion on SPECT images ( Figure 5 ). Unlike SPECT, our MR method allows direct visualization of irreversibly damaged tissue by DWI. In clinical management, thrombolytic treatment is potentially hazardous in patients with large infarcts, 1 giving the integrated MR examination a potential advantage in clinical decision making.
The present study is based on a prospective series of acute stroke patients imaged repeatedly with a uniform MRI protocol. The patients did not receive thrombolytic treatment, and therefore the results reflect the natural history of acute ischemic stroke. CT was performed initially as part of the clinical routine, and SPECT was used as a reference method for MR perfusion imaging. We conclude that combined DWI and PWI can be used in estimating the presence and the size of the penumbra in acute nonhemorrhagic ischemic stroke. The penumbra on day 1, estimated as perfusion-diffusion mismatch, correlates statistically significantly with the growth of infarct detected as an increase in the volume of decreased diffusion. Finally, hypoperfusion volume on rCBF maps correlated significantly with final infarct size at 1 week. The combination of DWI and PWI is a powerful tool to predict and follow the course of acute ischemic stroke. Correlation of perfusion-diffusion mismatch on day 1 with infarct growth during the first week after the onset of symptoms. Infarct growth was defined as the volume difference between the lesions on DWI on day 1 and after 1 week. For calculation of perfusion-diffusion mismatch, hypoperfusion volume was measured from rCBF maps calculated on the basis of PWI on day 1.
